We examine rotational diffusion and trans-cis isomerization of two Biphenyl polyenes, diphenylbutadiene (DPB) and hydroxymethyl-stilbene (HMS) in supercritical fluid CO2 and ethane. The results of density dependent rotational diffusion measurements are interpreted using a model which we have recently developed for rotational diffusion in compressible fluids. Comparison of DPB and HMS fluorescence lifetimes indicate that the rate of the isomerization reaction of DPB is nearly independent of density while HMS exhibits a strong density dependence in CO2. Analysis of the HMS data using Kramers theory indicates that the density dependence is the result of solvent-solute frictional interactions.
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[supercritical fluid, rotational diffusion, chemical reaction, time-resolved fluorescence, viscosity] Supercritical fluids are currently being investigated as potential environmentally benign replacement solvents for industrial chemical processing.
One of the intriguing properties of supercritical fluid solvents is the ability to tune the solubility parameter by varying the fluid density. This type of solvent tunability is only possible above the critical temperature, for otherwise a phase boundary occurs which prevents access to the intermediate density regime between gas-like and liquid-like densities. Within the intermediate density regime the fluid acts as a compressible solvent, and the fact that the solvent is compressible distinguishes the supercritical fluid solvent from liquid solvents. The structure of the liquid solvent around a solute molecule is governed by the repulsive interactions between solvent molecules. In the compressible solvent substantial void space exists between solvent molecules, and recent simulations indicate that the fluid contains rarefied regions as well as regions of high solvent density.
[ 1 ] A solute molecule dissolved in the compressible fluid will reside in a rarefied region if the solvent-solute interactions are repulsive and it will reside in a high density region if solvent-solute interactions are attractive. The latter case is described as solvent clustering around the solute molecule or as local solvent density augmentation.
Studies of solvent clustering in supercritical fluids solutions require a probe which is highly sensitive to density variations in the immediate vicinity of solute molecules. Thermodynamic measurements such as PVT studies can be used to examine solvent clustering, [2] but these studies require solute concentrations which may result in solutesolute interactions, particularly with solutes containing polar functional groups. Spectroscopic probes have been particularly useful in studies of solvent clustering in supercritical fluid solutions. Rotational diffusion studies are uniquely useful for such studies owing to the fact that polar functional groups are not required for these measurements , in contrast to studies of solute solvatochromism.
As a result, rotational diffusion can be used to examine specific solventsolute interactions which engender clustering in compressible solvents using comparative studies. However, only a few such studies have been published with the goal of examining density augmentation in the compressible region of supercritical fluids. [3] [4] [5] In this paper we examine the rotational diffusion of two The lifetime spectrometer has been described in detail previously, [6] and the instrument response function is 50 psec. Rotational diffusion times are determined from the fluorescence lifetimes and fluorescence anisotropies using the Perrin equation. [7] Diphenylpolyene isomerization in the excited electronic state results in short fluorescence lifetimes, and as a result we are able to measure rotational diffusion times as short as a few picoseconds using this method.
Fluorescence anisotropies of DPB in supercritical CO2 and HMS in supercritical CO2 and C2H6 are plotted versus reduced density in figure 1. The temperature for all studies discussed here is Tr=l .01. HMS in CO2 exhibits a relatively strong variation with density whereas the other solute-solvent systems exhibit only a weak density dependence. Fluorescence lifetimes of these three solvent-solute systems exhibit similar density dependencies, as shown in figures 2 and 3. The lifetime of DPB in supercritical CO2 is nearly constant across the entire density range examined in this study, and this is also the case for HMS in C2H6. In contrast HMS in CO2 exhibits a remarkable variation with density. We have developed a model for rotational diffusion of solutes dissolved in compressible solvents which is parameterized in terms of a local solvent density parameter. This parameter characterizes the fractional increase in the solvent density in the immediate vicinity of a solute molecule, and has been shown to be sensitive to the solventsolute interaction potential. We develop the model [7] beginning with the modified form of the Stokes-EinsteinDebye equation, where 'tr is the rotational diffusion time, tl is the fluid viscosity, Vp is the solute volume, k is the Boltzmann constant, T is the temperature, fst«k is a shape factor, C is the boundary condition factor, and zo is a term which characterizes the rotational relaxation time in the absence of The local fluid density is described by the expression [6] pl12(r)=p(1+F(g12(r))) (2) and the local solvent density augmentation parameter is defined as g11(r) and g12(r) are the like and unlike pair distribution functions, respectively. ro is the solute radius, and R is a distance which parameterizes the length scale of solvent density augmentation.
Equation 3 is extremely difficult to evaluate, and generally requires simulations since g11(r) and g12(r) only have analytical solutions for idealized systems. However, the integral provides a number which characterizes the solvent density augmentation, and therefore F(g12(r)) can be used as a parameter in equation (1) using equation (2) as the definition of the local solvent density in order to predict the influence of density augmentation on rotational diffusion.
To use equation (1) we must have models for i and C written as functions of the density.
We then substitute equation (2) for the density and calculate the rotational diffusion times for various values of F(g12(r)) for each solvent-solute system of interest.
We model the viscosity using an empirical density expansion of the residual viscosity in excess of the gas viscosity r° . [8] The expression is given in equation (4),
and is applicable to non-polar fluids such as CO2 and C2H6. Anderton and Kauffman [7] have shown that when the expression
•¢ V=Vm-Vvdw (7) is used the DKS model is appropriate for alcohols as well as regular fluids. (Vm is the measured solvent volume and V~dW is the Van der Waals volume of the solvent.) . This expression is also appropriate for compressible solvents owing to the variability in Vm with fluid density. The local fluid density is introduced to the boundary condition factor through equations 6 and 7 by setting Vm = MM/p121. Figure 4 shows a plot of the rotational correlation times (RCT) of DPB in supercritical CO2 versus bulk fluid density. Rotational correlation times are calculated from the data of figures 1 and 2 using the Perrin expression.
Solid lines are the results of calculations based on the model described above for various values of F(g12(r)).
Similar results for HMS in supercritical CO2 are shown in figure 5 . These results illustrate a remarkable difference in the behavior of these solutes, even though their mechanical properties (i.e., solute shape and volume) are quite similar. Based on the results of our model calculations we attribute these differences to clustering of supercritical CO2 around HMS, though this effect appears to be absent in DPB. Our calculations suggest that the local fluid density is about 40% greater than the bulk fluid density around HMS across most of the compressible region.
Before proceeding we wish to discuss several important features of our model and the relationship between the model and the experimental results. First we note that the Perrin relationship assumes that the rotational correlation function is a single exponential, and characterizes the rotational This assumption is implicit within our model, and our model also assumes that the functional form of the rotational correlation function is independent of density. Recent Raman scattering studies of pure supercritical fluids have shown that the form of the rotational correlation function depends on density. [10, 11] In these studies the calculated rotational relaxation times had values of less than 1 picosecond which is comparable to the inverse of the collision frequency at low density. As the density increases the rotational correlation functions of the pure solvents exhibit a transition from free rotor to diffusive behavior. Over this same density range the collision frequency increases until its inverse exceeds the duration of the collision.
In the case of large solutes a collision frequency of S X 1012 is estimated from the kinetic theory of gasses in CO2 at a density of .2 g/cm3, even in the absence of clustering.
Assuming that the encounter complex has a lifetime equal to a low frequency vibrational period (e.g., 100 cm) the inverse of this rate already exceeds the anticipated collision duration. On this bases we suggest that the rotational behavior of the solute in supercritical solvents will be diffusive. However, this assumption has not yet been fully explored experimentally.
The observation of a strong dependence of the rotational diffusion time on density around HMS and not DPB suggests that specific solvent-solute interactions are responsible for fluid clustering. In this case interaction between CO2 and the hydroxyl moiety of HMS appear to be responsible for clustering.
We have tested this assumption by calculating rotational correlation times of HMS dissolved in supercritical fluid ethane from the data in figures land 3. The results are shown in figure 6 and indicate only a [15] where I is the molecular moment of inertia, and k is the Boltzmann constant. The density dependent rate constants for HMS photoisomerization have been calculated from fluorescence lifetimes assuming a radiative rate constant of 8 x 108 sec'1 which we determined by the method of Strickler and Berg. [16] The rate constants and rotational correlation times have been fitted to the Kramers theory using the Hubbard relation as described above, and the results are shown in figure 7 . The fit represents the data well, and the values of the fitting parameters Ea , coa and wa are consistent with typical values for Biphenyl polyenes.
We note that the temperature is constant and the only parameter which varies with density is the rotational correlation time. The observed agreement between the Kramers-Hubbard fit and the measured data implicates solvent-solute friction as the source of density dependent fluorescence lifetimes observed for HMS in CO2 owing to its effect on the isomerization rate constant. Comparison of fluorescence lifetimes for HMS in CO2 with HMS in ethane indicates that the solvent-solute friction is the result of specific interactions, and is consistent with the arguments made above concerning CO2 clustering around HMS. HMS molecules have strong attractive interactions with CO2, resulting in an increase in the local fluid density. This effect is not observed around DPB, and we therefore attribute the clustering to attractive interactions between the CO2 and the hydroxyl moiety of the HMS molecule. These results are consistent with the interpretation of comparisons of rotational correlation time studies between DPB and HMS. Two issues regarding the conclusions of this study require some comment. The first is related to the use of the free rotor correlation time as a measure of the limiting rotational diffusion time in our analysis. While it is clear that the rotational correlation time must have a finite value in the absence of solvent-solute friction, the use of the free rotor correlation time for this purpose is not universally accepted. The fact that our experimental rotational diffusion time data appear to converge toward the free rotor correlation time may shed some light on this issue. Additional studies are under way to examine the temporal behavior of the rotational correlation function at lower densities in order to clarify this point. This brings us to the issue of agreement between the model and the data. If we treat io as an adjustable parameter it is clear from figures 4 and 5 that the value of to has a profound influence on our interpretation of the results. For example, if we use a value of to = 3.5 psec for DPB (a 10% variation) we may conclude that clustering occurs around DPB in the region of the critical density (0.46 g/cm3). Such a conclusion would be consistent with solvatochromic studies of supercritical fluid solvation of nonpolar solutes. Unfortunately our model suggests that the influence of density variations on rotational diffusion times across the compressible region of supercritical fluid solvents can be a very subtle effect resulting in rotational diffusion time variations of only 2 picoseconds. On the other hand there is a clear, qualitative distinction between the behavior of DPB in CO2 and the behavior of HMS in CO2 which cannot be overlooked. The solution to this dilemma may be found in an examination of the appropriate length scale of interaction for a particular type of measurement. Solvatochromic measurements can be strongly influenced by solvent molecules within the first solvation shell, whereas rotational diffusion measurements may probe a longer range solvation sphere as the results of the influence of multiple solventsolvent collisions on solute-solute friction.
